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2 Trail Redesign
2.1 Initial Trail Reroute
Oak Hill is home to a network of trails used for cross country skiing, mountain biking,
running and orienteering. The Oak Hill Ski Center on the west side is well used and
popular in the community; however, the trails that overlap with the part of Oak Hill under
consideration are the further, less used trails. The 5K loop does not overlap with the
solar PV area, but the 10K loop would require rerouting. Key features of the current loop
include a 10K loop starting and ending at the flat stadium on the west side of Oak Hill, a
cut through to create a 7.5K loop (For the women’s 15K Nordic races) and several other
cut throughs such that at any point a person could return to the ski center without needing
to complete the entire loop.
An initial re-route of the trails involved minimizing solar panel displacement, but also
maintaining trail length as well as cut-throughs for quick access to the start. The initial
trail redesign involved considerations: avoiding wetlands except for where the trail already
runs across them, cutting through the solar PV in straight lines across the panel rows and
columns, and drawing the trail perpendicular to the topographic lines to avoid trails that
run sideways on a hill (harder to maintain because they naturally erode back into the side
of the hill). Initial trail redesign looks like this:
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Figure 1: SDA map of solar area with wetlands, old trail & first attempt at a new trail.
A meeting with the Varsity Nordic Skiing coaches gave valuable feedback on the trail
redesign. The initial redesign had focused on maintaining existing trails; however, several
of the existing trails are in poor condition and could be better off in a different location.
For example, although the first trail redesign only goes through wetlands where the current
trail goes through wetlands, this part of the existing trail is too wet. Future trail redesigns
should avoid wetlands all together. Furthermore, the existing trails contain sharp turns
created by off-trail cut throughs and are not ideal in trail design. Lastly, the furthest section
of the 10K and 7.5K loop that overlap partially with the solar layout are on a plateau at
the top of a hill; Nordic ski routes need to be approximately 1
3
downhill, 1
3
uphill, and
1
3
flat-undulating to be competition quality. Therefore, it is important for the trails to
continue to have 4K on the plateau and add too much uphill to an already strenuous course.
For the Oak Hill trails to be eligible for D1 Varsity skiing competitions they need to follow
The International Skiing Federation guidelines. The FIS guidelines have specific detailing
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on the trail climb 1.
Some key features:
A-climb: A = Major uphills = partial height difference (PHD) ¿ 30 m For courses over
3.3 km, 20 55% of the total climb (TC) of the course should be from the partial total climb
(PTC) of major uphills (A-climbs). The gradient must be from 9 - 18%, normally broken
up with some short undulating sections less than 200 meters in length or a downhill that
does not exceed 10 m partial height difference (PHD). The average gradient of an A climb,
including undulating terrain sections must be 6 - 14%. The maximum PHD of an A climb
should not exceed 80 m. 2
These guidelines as well as the suggestions from the coaches were used to guide further
trail redesigns. The coaches also suggested that there is an old and overgrown trail west of
the potential PV site that could become part of the 10K loop.
For further trail redesign, the program Map My Run was used because it tracks dis-
tance and elevation gain. It can also toggle between the US topographic map, the World
topographic map, a satellite map, and a road map so the routes can be viewed in different
contexts. First, the original trail was routed on Map My Run to see consistency between
claimed distance and elevation and what Map My Run measures as a base case. Map My
Run measures in miles, so the expected route is 6.2 miles (10 Kilometers):
1Homologation Manual 2018, FIS
2International Federation of Skiing
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Figure 2: Map My Run elevation analysis of 10K loop.
Compared to the Oak Hill map on the Dartmouth Website:
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(a) Current 10K trail map
(b) Current 10K elevation map
Figure 3: Current 10K loop map and elevation from Dartmouth.
The Dartmouth map of the Oak Hill 10K loop and the Map My Run map of the 10K
loop are extremely consistent in shape (although the maps are rotated), elevation gain, and
length. The Map MY Run route of the Oak Hill 10K loop found the total elevation gain to
be 676 ft.
2.2 Final Trail Designs & Analysis of Trail Quality
Three different trail options were designed as alternatives to the current trail system.
For each trail redesign Map My Run was used to find distance, elevation gain, and hill
grade. Following this, GIS was used to find how many solar panels could be placed on this
plot of land with trail offsets. An old trail that still exists on the west side of Oak Hill was
used to connect the beginning southwestern portion of the route to the northern plateau
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section, avoiding the west side of the solar PV field for all three trail alternatives. This
makes the trail shorter by cutting out a curved section, but avoids a major section of PV
on the south-facing hill. South facing hills are most optimal for PV electricity production.
To make up lost trail from this new part of trail, the northern loop is altered for all three
redesigns.
Figure 4: Current trail Map at Oak Hill on a rotated orientation with the ‘North’ of the map
facing west.
These images show the old and new trail design for the area of Oak Hill north of the
intended PV site. The trail redesigns use existing trails that are not apart of the loop (blue)
and only the red would be entirely new trail (seen in image b of 5b.
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(a) Current 10K northern section (b) New 10K northern section
Figure 5: Close up of the redesign on the northern part of the trail.
Additionally, the section of the trail that cuts along the skinny eastern part of the PV
area are maintained in all three designs, removing a strip of PV in all scenarios:
Figure 6: The baseline solar area considered for all trail designs on top of the original 44
acres.
Trail Redesign One primarily follows the existing trails except for the highlighted por-
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tions. This trail design cuts across the northeast section of PV area, as well as the southwest
section to maximize existing trail. It has a total elevation gain of 704 ft, very close to the
current 667 ft of elevation gain:
Figure 7: Trail Redesign One with elevation from Map My Run.
Trail Redesign Two is similar to that of Trail Redesign One except that it avoids the
PV in the southwest section and goes around it (cutting slightly onto the classics road on
Trescott property). This would require some new trail, but would maximize solar on the
south side of the property. It has an elevation gain of 737 ft, more than the original, but not
an unreasonable amount for a 10K loop.
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Figure 8: Trail Redesign Two with elevation from Map My Run.
The Trail Redesign Three avoids the southwest section of PV like the second. Addi-
tionally, it avoids the northern section of PV that the first two trails cut through. This cuts
off some PV on the northeastern edge, but because that PV panels will be South facing on
a northern hill, it is the least ideal section for PV on the site, so removing it has less impact
then removing PV elsewhere on the site. It has a total elevation gain of 743 ft, nearly the
same as the second option; high, but reasonable for a 10K loop.
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Figure 9: Trail redesign Three with elevation from Map My Run.
The steepness of large hills were analyzed for how they compare to grade A standards
for racing competition. The hills were all about 7% grade including undulating sections,
which are within the 6-14% recommended grade for this type of section. They were also
within length expectations. For the steepest sections of the hill, the trails ranged from 12%
to 14%, these were slightly higher than the 10-11% for the steepest part of the current trails,
but still very reasonable compared to the recommended grade of 9-18%. The guidelines
say that a grade A hill should not exceed 80 meters of vertical climb. The new trails have
30-36 meters of vertical climb at their steepest and the current trail has slightly less than the
63 meters of 10% vertical climb. However, the grade A climb with undulating for the new
trail designs are 91-96 meters. Therefore, the new trail on the west side of the designated
solar area has a longer and shallower hill overall with a steep bit right at the end. All of
the new trails have grade, vertical gain, and length within reason of grade A hill guidelines
10
from the FIS.
Figure 10: Calculations of trail grade for trail redesigns.
2.3 GIS analysis of solar panel count offset
GIS was used to analyze solar displacement by trails. The overall potential property
under consideration for solar PV at Oak Hill is 44.26 acres. However, the total area for po-
tential solar panels needs to consider a buffer between the property edge (tree line) and the
solar panel field edge, cut throughs for trail continuity & panel maintenance, and avoidance
of wetlands.
The World Topographic Map was used as a base map. The polygon shape of the po-
tential area was added at about 44.2 acres. Next, a sliver of the southeast corner was cut
to account for some wetlands overlap. A necessary cut-through was added in the northern
section and the right edge of the skinny section was sliced to account for a section of the
current 10K loop that will be maintained in all trail redesign scenarios. This yielded an
acreage of 41 acres. This 41 acre polygon was used as a base plot for the three different
trail redesign considerations for consistency.
The first scenario considered is the maximum possible solar panel count that could fit
on this plot if no additional trails were to cut through the solar area. The area under consid-
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eration was translated to line-vector coordinates in GIS. A 15 foot buffer was added to the
inner edge of the outside and to both sides of cut-through trails (giving 20 foot wide trails
and 5 feet on both sides between the panels and the trails). Then the buffer was removed
from the original polygon. The polygon was projected from the latitude-longitude coordi-
nate system of the World Topographic Map to a ground-feet system so that the area could
be analyzed. Then the polygon was translated into individual raster cells to count the solar
panel potential for this scenario.
12
Figure 11: Map of original solar area under consideration with a buffer around the edge.
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The area of the polygon could not just be divided by the size of a unit cell (distance
between panels) because the polygon is irregular and therefore two solar panels both sliced
in half by the boundary would have counted as one panel by division rules, when in reality
neither panel would be implemented. Basic division would yield a reasonable estimate,
but the true number of solar panels that fit per model were about 1% less than the division
estimation method.
After the solar panel count for the maximum solar scenario was found, it was multiplied
by 345 Watts (the SDA Watts per panel assumption). This gave a potential power of the
solar site of 12.8 MW DC, slightly less than the 13.09 MW DC assumed by previous
models. Using SAM, the model was found to have a potential energy production of 16,098
MWh of AC electricity.
This process was repeated for each of the three trail redesigns. The initial base case
polygon was translated into a line-vector. The redesigned trails were then added as lines
for each trail redesign scenario, and if the trail ran very close to the edge of the solar PV
area, the whole sliver between trail and boundary would be removed. Then the trails would
get a 15 ft buffer on both sides and the map could be projected and translated to count
solar panel potential. The solar panel count for each trail redesign was used to calculate the
yearly potential for solar energy in the first year for all three scenarios:
Scenario Acreage Panels Watts/Panel Power (MW DC) Energy (MWh AC)
No Trails 39.55 37,237 345 12.85 16,098
Trail One 35.12 34,547 345 11.92 14,934
Trail Two 36.67 33,580 345 11.67 14,516
Trail Three 33.82 30,931 345 10.67 13,371
Table 1: Solar panel sizing and capacity for each trail redesign.
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(a) Solar Offset Trail One (b) Solar Offset Trail Two (c) Solar Offset Trail Three
Figure 12: Solar panel area offset by trail redesigns on top of original 44 acres.
The trail redesigns run close to the edge of the potential solar area (demonstrated in
green); if the edge buffer and trail buffer are included, fitting panels along these thin strips
will probably not be worth while. Furthermore, north facing hills are least ideal for solar
power generation, because of trail displacement near the edge of the north side, implement-
ing solar along the northern strip between the trails and the edge of the property may not
be worthwhile.
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3 Two Axis Tracking vs. Fixed Solar PV
There are several types of solar PV implementation possible: roof-mounted, parking
lot-mounted, fixed ground mounted, 1-axis tracking ground mounted, and 2-axis tracking
ground mounted. Roof mounted solar already has a large presence on campus and will
continue to be implemented where there is solar potential. Parking lot mounted solar has
little viability on campus due small parking lot sizes and the increased expense of building
a structure. For a large site like Oak Hill the main options are fixed ground mounted, 1-axis
tracking, or 2-axis tracking. 1-axis and 2-axis trackers cost more per Watt because they
require infrastructure to allow them to move with the sun; however, in theory they offset
their increased initial cost by producing more energy. Trackers produce more electricity
per installed Watt because solar PV works best when the sun hits perpendicular to the face
of the panel and trackers move to maximize incident solar.
In the Hanover area there is one main provider of solar trackers: Solaflect. They make
2-axis trackers with 16 panels per stand that need 20 feet of separation. Dartmouth already
has several Solaflect trackers on campus 3. However, the solar trackers require more main-
tenance than fixed solar PV because they have more moving parts. They also need more
space per panel because they move in yaw and pitch. They also cost more per Watt because
of the technology and infrastructure to allow them to rotate.
For a home in the area considering implementing 16 345-Watt panels on the ground or
implementing one Solaflect tracker of 16 345-Watt panels, the 40% increased electricity
production seems to offset the increased infrastructure cost. However, this may not be the
case when there is an area constraint and scaled maintenance costs.
To compare fixed vs. 2-axis trackers for Oak Hill GIS was used to estimate tracker
count using the same initial area for each trail redesign scenario. It is assumed that the
same type of panels are used for both 2-axis trackers and fixed solar. It is also assumed that
each tracker fits 16 panels. SAM was used to project energy production in the first year.
3Dartmouth Adds More Solar Power to Campus, the Dartmouth News Paper
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Scenario Acreage Trackers Panels
Tracker
Watts
Panel
Power (MW DC) Energy (MWh)
No Trails 39.55 1914 16 345 10.57 18,085
Trail One 35.12 1700 16 345 9.38 16,031
Trail Two 36.67 1775 16 345 9.79 16,768
Trail Three 33.82 1637 16 345 9.04 15,466
Table 2: Tracking solar panel sizing and capacity for each trail redesign.
The tracking panels should produce slightly more energy per year than the fixed track-
ers. However, they still cost more per Watt to install, operate, and maintain. The Compet-
itive Energy Services’ ProForma economic analysis was used as a baseline to compare the
increased price to the increased amount of electricity produced. The price per tracker is
assumed to be $ 20,000. This is a reasonable estimate based on the average cost per tracker
of $19,900-$23,000 and assuming economies of scale bring the price estimate to the lower
end of the range. This price per tracker translates to $3.62 dollars per Watt compared to the
$2 dollars per watt for fixed solar. The Competitive Energy Services’ O&M costs include
maintenance on the panels and the cost of a new inverter. To estimate the costs of O&M
for the trackers over 30 years, it was assumed that the inverter costs remain the same and
the maintenance would double in cost.
To estimate the revenue from a tracker system compared to a fixed system, the avoided
transmission & distribution costs, avoided supply costs, and target return on investment
were all considered yearly based on the projected electricity production. The thirty year
NPV revenue of a fixed and a tracker system were compared to the original cost and O&M
over thirty years. Financial benefits from avoided taxes were not considered for tracking
or fixed because it would be a similar offset for both systems. Based on the simplified
economic analysis comparing the two systems, fixed panels are about five times better
economically than tracking panels when comparing production revenue to O&M and in-
stallation costs.
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4 Forest Sequestration
4.1 Oak Hill Forest
Dartmouth is investigating building a solar PV field covering about 44 acres of cur-
rently forested land in the Oak Hill area. The designated area currently contains moderate
to poor condition trails (in slope and width) used for Nordic skiing, mountain biking, run-
ning, and orienteering. These trails are dispersed throughout a combination of wetlands
and a mixed-wood stand of white pine, hemlock, red oak, and red maple4. According to
the Forest Management plan for Oak Hill by Kevin Evans, “The quality of timber in this
stand is variable with much low value saw timber.” The Oak Hill forest is not diseased,
but requires thinning, such that the trees are not overcrowded and can grow out to form a
proper tree crown, rather than grow up and stay narrow, which is the current condition of
the forest.
The Oak Hill area is populated with many animal species ranging from deer, occasion-
ally black bear, bunnies, snakes, and several aquatic animals in vernal pools, such as frogs
& toads. Many species would be displaced from this plot if the forest is replaced; however,
no threatened or endangered species were encountered during a timber cruise and subse-
quent GPS field work on the woodlot in the late spring of 2018. During that same time
period neither significant disease nor defoliation were noted5.
Replacing this site with solar PV will not necessarily cause irreversible harm to any
at-risk or endangered species. Additionally, flat and dry land are most ideal for solar in-
stallation, so the wetlands area and larger vernal pools that host more fragile semi-aquatic
species, like salamanders, toads, and frogs, will not be damaged by this project. Other
considerations in any construction project should include the cultural impacts of building
on a site:
4Dartmouth Forest Management Plan - Oak Hill, Office of Forestry, Dartmouth College
5IBID.
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The Colleges long-term ownership provides a unique situation in the identification and
protection of cultural resources found on this property. Most of the cultural sites on this
property are related to the farming history of the region. These include old cellar holes,
roads, stone walls, wells and retaining walls6.
4.2 Carbon Offsets
Beyond damage to the surrounding forests and impact on local species, the environ-
mental impact should be considered when choosing to remove a forest. New Hampshire
has the second highest amount of forested land in the country, trailing only behind Maine
7. Forests play a major role in sequestering carbon dioxide from the atmosphere and
offsetting emissions from fuel consumption. Even a plot of land as small as Oak Hill can
contain a great deal of carbon in its soil, roots, and trees. Cutting down and burning trees
releases that carbon into the atmosphere. Additionally, if the forest is cut down, every
year there is a certain amount of carbon dioxide that is no longer sequestered from the
atmosphere by the Oak Hill location. However, solar PV also offsets carbon emissions
by replacing carbon dioxide emitting electricity sources from the utility with non-carbon
dioxide emitting solar PV. If the solar PV offsets more carbon dioxide than the forest
would sequester during the lifetime of this project (30 years) than it would be valuable
from a GHG emissions perspective to replace the forest with solar PV. Otherwise, it might
be more in the college’s interest to build an off-site solar or wind project on a remediated
or non-forest site to offset emissions through carbon RECs.
Although it could be a cheaper option to build a wind farm in the Midwest, than to build
a solar PV farm in New Hampshire, the wind farm in the Midwest will not directly provide
the electricity that is consumed on campus. Although the wind farm would be offsetting
carbon emissions in the Midwest grid system that it feeds into, it is not necessarily a direct
substitute for building on-site renewables at Dartmouth. If wind farms in the Midwest
have a significantly lower cost and therefore lower barrier to entry, than wind projects are
6IBID.
7NH Division of Forests and Lands
19
likely to occur anyways. In this case, Dartmouth would not be directly substituting their
emissions if they build a project in an already greener electricity source profile, or pay for
a project that would eventually get built regardless of Dartmouths involvement.
Research on the carbon impact of replacing forest with solar yielded a wide range
of conclusions, some of which exposed potential political bias of the New Hampshire
government:
While it is technically correct that New Hampshire could produce the necessary elec-
tricity to meet our states demands with wind and solar (on a sunny or windy day), the land
use consequences of such an achievement would be enormous. And even actions taken to
mitigate land use for example siting solar panels on rooftops are expensive on a $/MWh
basis. Renewable resource technologies have yet to realize the low cost and low land usage
combination achieved by conventional fuel resources. 8
The above source had little to no supporting analysis to justify this statement, despite
its location in the New Hampshire Government Energy Report. There is great opposition
in New Hampshire to a changing energy landscape; this opposition is referred to as the
NIMBY movement: ‘Not in my back yard’. New Hampshire has a strong cultural and so-
cial attachment to its forests compared to already urban and high-infrastructure areas like
Boston. People are often resistant to changes they can see and that impact their lives di-
rectly if the associated positive impacts (less emissions) are less obvious than the tangible
nuisance. However, energy transitions happen regardless, and if communities oppose nec-
essary infrastructure, that infrastructure often ends up built in a disadvantaged community
instead 9. Therefore Dartmouth as a leader within New Hampshire needs to continue to
pave the path in stewardship by making sustainable decisions ‘In our backyard’.
Further research on solar vs. forest sequestration came upon some calculations for the
New England area on a per tree energy basis. A blogger, The Energy Miser, did a solar
panel to tree carbon offset comparison on the blog: New England Clean Energy. This
blogger used the DOE’s urban forest carbon sequestration model to calculate how much
810 Year State Energy Strategy, Hew Hampshire Government
9Trees, Towers, and Energy Transitions: A Political Ecology of the Northern Pass Project, Madeline Kroot
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a single tree sequesters. To calculate how much CO2 gets released per kWh of electric-
ity from the grid, they used the EPAs 2010 report on the carbon emission of the ISO NE
grid. The blogger used PVWatts, an NREL program, to calculate how much AC electricity
a roof-mounted system could produce in a year for a typical home array size of about 24
solar panels at 80% of ideal in placement (South Facing with a 37 degree tilt), rated at 7.8
kW of power. This calculation yielded the result that a 24 panel array of Sunpower panels,
offsets the same weight of CO2 as about 50 mature trees in the Massachusetts area.
In terms of a per area comparison, ground mounted solar with 80% ideal assumptions
offsets 26 times more carbon dioxide per square foot than mature trees do per square foot.
This calculation takes an in-depth look at substituting a couple of trees for a solar PV array;
however, the results make simplifying assumptions of the electricity generation sources and
lack the depth to be extrapolated for a forest. Furthermore, the calculations support the re-
sult for a small case study within a single year, but do not extrapolate the results to make
conclusions about long-term impacts.
Therefore, a literature review yielded a range of results comparing solar PV and forest
emissions offsets. On one extreme, the New Hampshire government concluded that solar
will not offset more carbon dioxide than a similar sized forest. On the other extreme, The
Energy Miser blogger found solar PV to be 26 times better per area than forest, but lacked
accountability for system losses and long-term calculations. Their calculations also sup-
ported results when comparing a cluster of trees to 24 Sun Power Panels. A more thorough
approach needs to be conducted to come to conclusions for a 44 acre forest.
4.3 Electricity Production
In order to directly compare the carbon emissions of the proposed solar project to the
carbon sequestration of the existing forest, several long-term projections need to be con-
sidered. First, the carbon sequestration of the existing forest needs to be calculated yearly
for the lifetime of the proposed project of 30 years, as well as, the currently sequestered
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carbon that will be released upon deforestation. Second, the electricity generation source
profile for Dartmouths current electricity generation needs to be calculated and projected
out for the 30 year timeline of the project. Following this, the carbon emissions per MWh
per source need to be calculated and projected out for 30 years. Lastly, the electricity pro-
duction of the solar PV project needs to be calculated and projected out for 30 years in
order to make a carbon emissions comparison.
The Forest Management Plan for Oak Hill and an NREL GIS map of Oak Hill were
used to investigate the type of trees in the forest. The Forest Management plan gave an
average of 45 cords per acre of wood volume for the specific section of Oak Hill under
investigation. The volume and tree types were used to calculate a total carbon sequestered
calculation of 6843 metric tons of CO2 that will be released into the air if the trees and soil
are removed.
Pine Red Maple Hemlock Units
45 45 45 Cords per Acre
128 128 128 Foot3 per Cord
16.87 12.48 16.31 Pounds of Carbon per Foot3
70% 15% 15% Percent of Forest
44.26 44.26 44.26 Acres on site
0.4535 0.4535 0.4535 Kilograms per Pound
3.67 3.67 3.67 Pounds of CO2 per Pound of Carbon
0.001 0.001 0.001 Metric Tons per Kilogram
5010 794 1038 Metric Tons of CO2 by tree
Total Carbon Dioxide Contained: 6843 Metric Tons of CO2
Table 3: Metric Tons of Carbon Dioxide that would be released if the Oak Hill forest is cut
down.
The Northern Institute of Applied Carbon Science gave estimates for pounds of Car-
bon stored per cubic foot of wood per type of tree 10. The forest management plan gave
estimates of supplied cords per acre, and GIS estimates calculated approximate acreage of
removal (This acreage is smaller than the acreage used to calculate solar panel count be-
10Estimating Carbon Mass in Northern Forests, The Northern Institute of applied carbon science
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cause the panels and trails will need a 15 foot buffer to the edge of the forest.
The yearly carbon sequestration of the forest has been calculated out for the next 30
years to predict how much carbon will not get sequestered if this project is implemented.
Two methods were used to calculate yearly carbon sequestration for a low and high esti-
mate in a sensitivity analysis of carbon offsets. The upper boundary comes from the EPAs
method for calculating carbon sequestration in trees 11,12. It calculates sequestration per
tree and by type of tree based on a look-up table that gives hard or soft wood, survival rate,
and rate of growth by tree type 13. The forest management plan was used to calculate num-
ber of trees and type of trees per acre for the 44 acres. The EPA calculator gave a yearly
sequestration rate of 256.5 metric tons/year.
Tree Percent
of
Forest
Wood
Type
Growth
Rate
Trees
per
Acre
Pounds of
Carbon per
Tree
Metric Tons
of CO2 per
Acre
Metric
Tons per
Year
White
Pine
70% C F 116 134.1 7.055 218.6
Red
Maple
15% H S 116 37.6 1.98 13.1
Hemlock 15% C M 116 70.8 3.73 24.7
Total Metric Tons of CO2 256.5
Table 4: Metric Tons of Carbon Dioxide that will be offset each year.
The second method comes from the Center for Climate and Energy Solutions 14. C2ES
gives a calculator broken down into different types of forest, in this case: Mixed/Deciduous
White Pine/Northern Pine. The current age of the average tree was calculated using the
Forest Management plan and Dartmouths history of Oak Hill 15. From their look up table
by type of tree, the below calculation was used to predict annual sequestration through
11Calculating Carbon Sequestration in Trees, EPA
12Greenhouse Gases Equivalencies Calculator - Calculations and References
13New Hampshire Forest Types, Extension
14Forest Based Carbon Sequestration, C2ES
15Oak Hill, Outdoor Programs, Dartmouth College
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2049.
For Mixed/Deciduous:
25 year old forest:
12, 000 Pounds of Carbon
Acre
/ 25 Years = 480 Pounds of Carbon
acre×year × 4412 Pounds of CO2Pounds of C =
1, 760 Pounds of CO2
acre×year
120 year old forest:
128, 000 Pounds of Carbon
Acre
/ 120 Years = 1, 066 Pounds of Carbon
acre×year × 4412 Pounds of CO2Pounds of C =
3, 909 Pounds of CO2
acre×year
For White Pine/Northern Pine:
25 year old forest:
67, 000 Pounds of Carbon
Acre
/ 25 Years = 2, 680 Pounds of Carbon
acre×year × 4412 Pounds of CO2Pounds of C =
9, 826 Pounds of CO2
acre×year
120 year old forest:
246, 000 Pounds of Carbon
Acre
/ 120 Years = 2, 050 Pounds of Carbon
acre×year × 4412 Pounds of CO2Pounds of C =
7, 516 Pounds of CO2
acre×year
The website described a linear relationship in increasing or decreasing carbon seques-
tration with age. These calculations gave a current yearly sequestration from 2019 through
2049. This method yielded 140.5 metric tons of CO2 sequestered per year for the first
year down to 134 metric tons of CO2 by 2049. Therefore 256.5 and 140.5 metric tons
were used as the first year’s lower and upper boundaries for carbon sequestration. Hourly
data on electricity generation sources were not available for New Hampshire; therefore, it
was assume that the electricity produced by the PV offsets a representative sample of New
Hampshires electricity generation sources. The EIA released New Hampshires Electricity
Generation for 2017 as follows:
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Total Electric Power Industry per State, 2017
State All Sources Thousand MWh
NH Coal 287,281
NH Hydroelectric Conventional 1,413,402
NH Natural Gas 3,580,103
NH Nuclear 9,990,704
NH Other 48,684
NH Petroleum 104,896
NH Other Biomass 138,027
NH Wind 411,592
NH Wood & Wood Derived Fuels 1,472,152
NH Solar 52*
Table 5: Total Electricity consumed in NH in 2017 by generation source, (MWh).
*The EIA did not provide the exact number of produced solar electricity for 2017. The
EIA only provided the value of 51 MW of DC power installed. Another government source
gave 52,000 MWh of solar in NH in 201716, and this value was verified using SAM and the
EIA’s power value.
The EIA’s data is consistent with New Hampshire government numbers on current gen-
eration sources. The EIA also released the carbon emissions of various generation sources
17. It is assumed that New Hampshires composition of electricity sources is representative
of Dartmouths electricity consumption and that the reported carbon dioxide emissions per
kWh are also representative for Dartmouth. This is a fair assumption because according
to the Public Utilities Commission: Eversource, Liberty Utilities (Dartmouths supplier),
New Hampshire Electric Cooperative, and Unitil are following similar trends in sourcing,
emissions, and pricing18.
It is assumed that the solar PV electricity to fully reach campus will directly replace the
same amount of electricity from the grid. The offset of CO2 in metric tons were calculated
for 2017 using the reported metric tons per kWh per fuel type, the percentage breakdown
of fuel types for New Hampshire, and the expected electricity production from solar PV (if
16Energy in New Hampshire, Office of Strategic Initiatives
17The New Hampshire State Energy Profile, EIA
18Sustainable Energy Annual Report to Legislature, 2018, Public Utilities Commission
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the project were to have been installed that year).
All Sources Metric Tons of CO2 in 2017
Coal 337,480
Hydroelectric Conventional 0
Natural Gas 1,444,754
Nuclear 0
Other 85,062
Petroleum 108,958
Other Biomass 0
Wind 0
Wood & Wood Derived Fuels 0
Solar 0
Table 6: Total Metric Tons of CO2 emitted by generation source in NH in 2017.
New Hampshires electricity profile has changed greatly over the past few decades in
its composition and will continue to change during the lifetime of this solar PV project.
Therefore, the 2017 generation composition for electricity cannot be used through 2049.
To predict for future composition, the New Hampshire RPS was used to simulate future
compositions. The New Hampshire RPS outlines the amount and types of Renewable En-
ergy to be added to the New Hampshire grid 19.
19New Hampshire Public Utilities Commission Renewable Portfolios Standard
26
Figure 13: Electricity breakdown by source in 2017 from the EIA.
A sensitivity analysis of New Hampshire’s future electricity composition included three
scenarios: the first, BAU, New Hampshire is non-compliant with its RPS and maintains the
2017 generation source profile for thirty years. The second, RPS, New Hampshire strictly
follows its RPS and then plateaus at 25.2% renewables in 2025. The third scenario, New
Hampshire continues its RPS renewable up-take trend resulting in a total Renewable Elec-
tricity profile of 50% by 2049. The third scenario would be great for the state of New
Hampshire in reducing its carbon impact, but would reduce the benefit of replacing the
Oak Hill Forest with solar PV. The New Hampshire RPS lacks clarity on specific ratios of
other electricity generation sources beyond the 25.2% renewables. Therefore, it was as-
sumed that current ratios of non-renewable sources remain constant relative to each other
and become a smaller portion of the overall generation source profile. The percentages of
non-renewables were normalized so that the total composition still adds up to 100%, while
maintaining projected percentage of renewables by year.
The EIAs report on the metric tons of CO2 released per MWh of each source of electric-
ity20 were used to calculate the metric ton of CO2 released per MWh for the total generation
20EIA Annual State Emissions Excel Sheet
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source composition per year. As the state cleans its electricity generation source this metric
tons per year rate goes down incrementally. This metric tons of CO2 per can be multiplied
by the electricity offset by the Oak Hill solar PV production to calculate how much carbon
dioxide the Oak Hill site will offset per year.
This project, according to a preliminary analysis by solar Design Associates could at
(a) 2010 portfolio (b) 2025 projected
Figure 14: Electricity breakdown by source from 2010 to projected 2025.
its maximum boundaries, implement 37,440 345-Watt panels (13.09 MW of DC solar PV)
at the Oak Hill site at an azimuth of 180◦ (due south) and an angle of 25◦ from the horizon.
According to PVWatts, an NxEL program, in Hanover New Hampshire, in its first year,
this solar PV could produce 16,400 MWh of AC electricity for the campus. A third party
firm, Competitive Energy Partners, calculated costs and first year electricity production to
be 13,100 MWh of AC electricity with yearly degradation. Competitive Energy Partners
used a more rudimentary calculation, involving percent utilization of the maximum poten-
tial of the rated power, rather than using a program like PVWatts that takes into account
weather patterns, panel efficiency, solar potential by location. Therefore it is most likely
an underestimate of the electricity production potential. To validate the PV panel count
produced by Solar Design Associates, GIS was used for the designated plot of land with
area removed for a buffer around the solar PV, a necessary trail cut through, and avoidance
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of wetlands. This GIS analysis yielded a maximum panel count of 37,237 on an acreage of
39.55 acres, instead of the 44.26 acres that the full site occupies. The GIS image of Oak
Hill area designated for solar panels includes a 15 foot buffer between the border and the
panels and 30 foot wide trails at necessary cut-throughs.
Figure 15: GIS image of Oak Hill with solar panel count if no additional trails cut through
the PV area.
Assuming the same 345 Watt panels that Solar Design Associates analyzed, this
analysis yields a maximum of 12.85 MW of PV (slightly less than the assumed 13.09
MW by earlier analyses). Using SAM, a slightly more sophisticated solar electricity
calculator than PVWatts, the first year’s energy production for a maximum amount of solar
PV implementation was found to be 16,098 MWh AC with the same angle and azimuth
assumptions (slightly less than the 16,400 MWh calculated earlier). This electricity
generation for the first year of the sight is used throughout the analyses for all three
generation scenarios as the upper boundary on electricity generation for the first year. The
electricity generation upper bound was calculated for each year using a degradation rate
of 0.5% each year. This is the value that Clean Energy Partners used in their preliminary
29
analysis for Dartmouth and is consistent with literature on the subject 21.
Figure 16: Example of the SAM calculator for the lower boundary of solar production.
21Photovoltaic Degradation Rates, NREL
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Figure 17: Example of SAM results on a monthly basis for the first year for the lower
boundary of energy production of the system model.
The current Oak Hill site maintains several systems of trails used for recreation sports.
It is expected by the college that this will continue with the addition of solar PV. Therefore
it may be necessary for trails to cut through the PV area, therefore offsetting the maximum
amount of panels that can be implemented. A detailed analysis of potential trail re-design
can be found in section 5: Trail Redesign.
Among possible trail redesigns, Trail Redesign Three offsets the most amount of panels.
A GIS analysis of this Oak Hill site with a 30 foot width between panels for the second
trail redesign yields a panel count of 30,931. Assuming 345 Watt panels, this gives 10,671
kW of solar power. Using a SAM model, this could produce 13,371 MWh of electricity
in its first year at the Oak Hill site. This production rate along with the 0.5% degradation
rate was used to calculate the lower boundary for electricity production at Oak Hill over
the thirty years of this project.
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4.4 Carbon Comparison
Overall, there are twelve sensitivities to the carbon offsets comparison model to eval-
uate whether a field of solar panels would offset more carbon dioxide emissions than a
forest in the New Hampshire area. To predict future electricity generation compositions
for the state, and by proxy the college, three scenarios were created: Business As Usual,
Compliance with the New Hampshire RPS, and continued renewable uptake through 2050
following the trends of the New Hampshire RPS. For each generation scenario, four sensi-
tivities on the model were considered. Two different methods were used to calculate carbon
sequestration of the forest, one using tree count per acre and forest type, the other using
woodland density and tree types. These two methods yielded an upper and lower boundary
of possible carbon sequestration by the forest each year if the solar is not implemented.
The other sensitivity range in the model creates an upper and lower boundary for solar
output. GIS analysis yielded four possible solar panel counts based on different potential
trail designs. The first map under consideration has no solar panel offset by trail and as-
sumes the trails will go around the field, with only maintenance trails and a buffer; this
scenario yielded the highest possible number of solar panels on Oak Hill and is used to
model the upper boundary for potential solar production. Three trail redesigns were ana-
lyzed and the third offset the greatest number of solar panels. This solar panel count was
used to model the lower boundary of potential solar production from the panels for each of
the three generation sources.
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(a) Upper boundary: no trails (b) Lower boundary: Trail Redesign Three
Figure 18: Lower and upper boundary of potential area for solar production.
In all twelve sensitivities of the model, replacing the forest with solar panels offset more
carbon dioxide over the thirty years of the project from a carbon emissions perspective
(there will still be animal displacement and some water run-off). There will be an initial
carbon emissions from deforestation of 5460 to 6840 metric tons of carbon; however, the
solar panels offset enough carbon to make the initial release of carbon dioxide neutral after
1-3 years. In the most solar-favorable model (Business As Usual generation sources with
high solar PV production and low carbon sequestration), in its first year the solar field will
offset eleven times the amount of carbon that the forest would sequester.
Business As Usual
Best Case 39,308
metric tons of CO2 over 30 years
2nd Best 35,738
3rd Best 30,792
Worst Case 27,222
Table 7: Carbon dioxide offsets from solar in a Business As Usual electricity portfolio
scenario.
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Compliance with RPS
Best Case 36,009
metric tons of CO2 over 30 years
2nd Best 32,440
3rd Best 28,658
Worst Case 25,089
Table 8: Carbon dioxide offsets from solar in a compliance with the New Hampshire Re-
newable Portfolio’s Standard scenario.
High Renewables Uptake
Best Case 26,765
metric tons of CO2 over 30 years
2nd Best 23,195
3rd Best 20,373
Worst Case 16,804
Table 9: Carbon dioxide offsets from solar in a continued New Hampshire Renewable
Portfolio’s Standard renewable energy uptake scenario.
In the most critical model (high uptake of renewables by the grid, low solar production
because of trails, and high carbon sequestration by the forest) in 2049 when the panels will
be at their least efficient and the grid will be the most decarbonized, the solar field will
still offset four times the carbon dioxide that the forest will sequester. The best case solar
scenario shows the solar field offsetting 39,309 metric tons of CO2 more than the forest
would otherwise sequester over thirty years. The worst case solar scenario shows the PV
offsetting 16,803 metric tons of CO2 more than the forest would sequester over thirty years.
To further this analysis, the high uptake of renewables model was optimized to make the
carbon offset of the solar equal the carbon sequestration of the forest to investigate what
the renewable composition of the grid would have to look like for maintaining the Oak
Hill forest to be the optimal carbon offsets choice. This optimization yielded a renewables
portfolio of 84% for New Hampshire electricity industry in the year 2049 for the forest to
offset as much carbon dioxide as the solar panels. However, this result does not consider
the other forests in New Hampshire that would have to be displaced in order for Oak Hill
to offset more carbon than solar PV. If New Hampshire deforests at the same rate to reach
a renewables portfolio of 84% for power than deforestation would happen regardless.
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5 Carbon Emissions
5.1 Past & Current Carbon Emissions
Dartmouth has stated their goal of reducing its carbon emissions by 50% from a 2010
baseline by 2025. This goal is in line with similar goals made by the city of Hanover as well
as major population cities around the country. Although 50% may appear like a lofty goal,
energy efficiency measures have come a long way in the past decade. By setting a baseline
of 2010 or 2005 (like many major cities have), entities can accomplish a large reduction
partially due to the changes that were already made, such as LED light bulbs and washers
of increased efficiency. The same is true for the college; as retrofits of old systems happen
and the generation sources in the grid transform, the college has (somewhat) inadvertently
already made great strides in energy reduction since 2010.
There are three main ways to reduce carbon emissions: energy efficiency, energy re-
duction, and decarbonization. All of these have happened since 2010 and will continue
to happen into the future. Improving energy efficiency produces the same end-result with
less input energy. Dartmouth has worked to increase the efficiency of heating and cool-
ing systems within high energy intensity buildings and will eventually do so with Burke
Laboratory, the highest energy consuming building. The campus is also in the process of
switching to hot water pipes from steam tunnels which will increase heat efficiency by
almost 15%. Other energy efficiency measures are happening over time as old and leaky
buildings get retrofitted with better windows & insulation and the campus continues to
switch over to LED lights. Although less noticeable, energy reduction plays a small impact
on this campus’ energy trend with students becoming more mindful of their energy con-
sumption and turning the lights off; and the installation of automated occupancy sensors.
Another major component of reducing carbon emissions at this college derive from
sourcing our heat and electricity from non-carbon sources. Dartmouth has made a posi-
tive impact on their emissions by adding solar panels and fine tuning their CHP system;
35
however, heat still comes from burning number 6 fuel oil, which is a very high emitter of
GHGs. Another significant contributor to Dartmouth’s reduction in energy consumption
comes from the grid itself. The New Hampshire power portfolio has shifted greatly in the
past decade away from coal and towards nuclear and natural gas; coal represented 14% of
New Hampshires electricity in 2010 and about 1% in 201822.
Dartmouth has greatly reduced its energy consumption over the past decade. It will
continue to decrease its energy consumption with continued replacement of old refriger-
ants and lighting systems, the transition to more efficient heating and cooling systems in
laboratories, and the change to hot water pipes from steam tunnels. However, this analysis
assumes flat-lining heat and power consumption because of increased demand to balanced
the increased efficiency. Several big energy consumers are in the planning or building pro-
cess: the new Thayer School of Engineering building, the Irving Institute building, and
in several years, a new dormitory. Additionally, great strides have been made in decreas-
ing energy efficiency on campus; but much of the low hanging fruit, such as increasing
insulation and replacing ancient windows have already happened, leaving smaller energy
efficiency measures to capture. For both electricity and heat, it is reasonable to assume that
the energy efficiency will balance out the growing energy demand through 2025.
Carbon emissions were calculated for 2010 and 2018 using the Dartmouth Energy
Database. The Database gave the amount of number 6 oil consumed and the amount of
electricity that came from Liberty Utility. The EIAs numbers of 2010 carbon emissions
per generation source and generation source breakdown were used to calculate the met-
ric tons of CO2 released per MWh of electricity purchased from Liberty Utility (the rest
came from Co-generation, which is effectively carbon neutral because the emissions are
already counted in the heat emissions). The database has gallons of number 6 fuel that
were consumed in 2010 and the EPA has metric tons of CO2 that were released per gallon
of number 6 fuel consumed. This was used to calculate metric tons of CO2 released from
22EIA, Annual Emissions Report
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burning number 6 fuel in 2010.
Number 6 Fuel, 2010
4,561,808 gallons of 6 fuel
11.27 kg of CO2 per gallon
0.001 metric tons per kg
51,412 metric tons of CO2 per year
0.15 mmBTU per gallon
684,271 mmBTU consumed in 2010
Table 10: Number 6 Fuel consumed by the college in metric tons, mmBTU, and gallons.
The campus’ emissions are 89% power and heat with the rest coming from appliances,
refrigerants, and other fuel sources like propane for a total of 70,751 metric tons of CO2
released by the college in 2010. This is based on the colleges definition of its energy
boundaries. The 70,751 metric tons largely excludes the transportation of workers to and
from the college as well as the emissions from the food consumed on campus. Therefore
with the current definition for energy consumption 70,751 metric tons of CO2 appears to
be a reasonable estimate and is close to the approximately 74,000 metric tons previously
estimated by the college as emitted in 2010.
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Figure 19: Board of Trustees Presentation GHG emissions graph.
The same method was used to calculate emissions for 2018 using an updated electricity
generation source profile for the state for 2018 and metric tons per MWh. A major differ-
ence for the college from 2010 to 2018 was the implementation of roof-mounted solar. The
electricity from the solar panels and from co-generation was assumed to be effectively car-
bon neutral or already accounted for elsewhere. Using the same boundary conditions and
energy database data as for 2010, the 2018 emissions were calculated to be 50,101 metric
tons of CO2. This shows that Dartmouth has already made a 29% emissions reduction since
their baseline year of 2010, more than halfway to their 2025 goal of 50% reductions.
5.2 Future Carbon Emissions & Energy Goals
Several transitions will help the college reach its goal of 50% reductions by 2050. The
largest will be transitioning from a CHP plant burning number 6 oil to a biomass plant
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Year Heat & Power Total Reduction
Metric Tons of CO2 Metric Tons of CO2 since 2010
2010 62,968 70,751 −
2018 44,590 50,101 29%
High Reduction 2025 24,755 27,815 61%
Low Reduction 2025 33,312 37,429 47%
Table 11: Reduction in Metric Tons of Carbon Dioxide in 2018 & 2025 from 2010 levels.
burning wood chips. Biomass is considered a carbon neutral fuel source if sustainable
forestry is practiced in harvesting 23. However, diesel and propane are consumed in the
process of logging, harvesting, and transporting biomass. Unlike electricity or liquid and
gas fuel, biomass has a large weight to energy ratio and requires more effort to transport.
Even if wood is considered carbon neutral, the carbon emissions associated with extraction
need to be considered. Beyond this, heat loads are variable on a seasonal and daily basis.
Biomass plants can be difficult to ramp up and down quickly to account for peak demands
in heating.
Additionally, it is inefficient to size a system to peak load if that capacity is only rarely
needed. Most biomass plants on the scale of what Dartmouth intends to implement burn
wood to cover the base load and use an alternative fuel, such as natural gas, to cover peaks.
Middlebury college gets about 60% of their heat energy from natural gas with the other
40% from their biomass gasification plant24. They also have an old CHP system that has
been retrofitted to their heating plant to produce some power for the college. Middlebury
is a good example to look at for biomass plant functioning because it has similar heating
needs, similar scale, and a similar demographic.
To estimate carbon emissions from heating for the college in 2025, it is assumed that
the college will fully implement their plan to build a biomass plant and that the wood will
be harvested sustainably. Two methods were used to account for the emissions from the
biomass: accounting only for the emissions that come from logging & transportation and
23Is Biopower Carbon Neutral?, Congressional Research Service
24Tour of the Middlebury Biomass plant
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assuming it emits 115% less than natural gas for the New Hampshire area 25. Based on
other biomass plants, it is reasonable that the wood will only supply 40% of the college’s
heat energy needs with natural gas used to meet peak demand; This is a conservative esti-
mate but is representative of how similar sized biomass plants operate. It was assumed that
the heating needs of the college will remain the same, but with the increased efficiency of
the hot water heat distribution system, the college could use as little as 85% of its current
heating energy by 2025.
Calculations found the carbon emissions of transporting sufficient wood to campus and
carbon emissions of natural gas were found from the EPA 26. The upper boundary of carbon
emissions from heat were found by adding the carbon emissions from natural gas that meet
60% of the colleges heating needs (85% of current needs) and the carbon emissions from
transporting the other 40% of the college’s future heating needs for a total of 25,170 metric
tons of CO2 to be released in 2025 to meet heating needs compared to the 39,007 metric
tons released by heating in 2010.
The lower boundary assumed the same carbon emissions from natural gas, but mea-
sured metric tons of CO2 released from the biomass as carbon neutral27. A study from
2017 found biomass residue in New Hampshire to be 115% better than natural gas because
the biomass is burned as a substitute for natural gas rather than left to release CO2 through
rotting28. This study showed that biomass as a substitute is not only carbon neutral, but
carbon negative, even when considering transportation. I was skeptical of the assumptions
made about logging practices in New Hampshire and of the intentions of the study because
it was commissioned by the Biomass Power Association. Therefore, I used carbon neutral
as the lower boundary, assuming it is 100% better than natural gas; this method yielded a
projected emissions of CO2 from heating in 2025 to be 22,631 metric tons. This gives a
25Opinion Biomass Facts Clear the Air, Indepth New Hampshire
26Emission Factors, 2014, EPA
27Carbon Intensity of Harvesting Residue-Based Electricity: Case Study of Eversource Energy, Biomass
Power Association
28IBID.
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range of projected reduced emissions from heating levels by 61% to 66% of 2010 emis-
sions.
For electricity, the demand from the college is expected to remain the same, but supply
will need to increase because the new biomass plant is not expected to have a CHP system,
and the current CHP system, which supplies 20.5% of the college’s electricity will be de-
commissioned.
To evaluate the carbon emissions per MWh that Liberty Utility will supply in 2025,
the New Hampshire RPS’ generation profile and the EPA’s carbon emissions per genera-
tion source per MWh were used. To calculate the supply needed per MWh, the demand
from 2018 was used and the MWh expected to be supplied by roof-mounted and Oak Hill
ground-mounted solar were subtracted because they are locally supplied. The upper and
lower boundaries for solar production based on GIS analysis were used as the upper and
lower boundaries for solar production. The carbon emissions of the total demand if it were
to be supplied by the utility were calculated and the upper and lower boundaries of off-
set emissions were added, then the upper and lower boundary of forest sequestration were
added to the total emissions because if the Oak Hill solar project gets implemented there
are 140-256.5 metric tons of CO2 that will not be sequestered from the air that were se-
questered in 2010. This yielded a range of CO2 emissions for 2025 from electricity of 4923
to 5337 metric tons of CO2 compared to the 11,557 metric tons of CO2 released in 2010
from electricity.
Projected CO2 Reductions in 2025 from 2018 levels: High Reduction Low Reduction
Heat Reductions from biomass plant: 55% 49%
Power Reductions from solar PV: 12% 4%*
Total
Total CO2 in 2010 (metric tons) 44,590 44,590
Total CO2 in 2025 (metric tons) 22,631 25,170
Reduction from 2010 emissions 49.2% 43.6%
Table 12: Carbon emissions in metric tons for 2018 & 2025.
* There is only a 4%-12% predicted reduction in emissions in 2025 from electricity
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in 2018 because although the solar PV project would offset a large portion of the current
electricity purchased from Liberty Utility, 20.5% of 2018’s electricity came from CHP that
will not in come from the biomass plant in 2025.
Projected CO2 Reductions in 2025 from 2010 levels: High Reduction Low Reduction
Heat Reductions from biomass plant: 66% 61%
Power Reductions from solar PV: 57% 54%
Total
Total CO2 in 2010 (metric tons) 62,968 62,968
Total CO2 in 2025 (metric tons) 22,631 25,170
Reduction from 2010 emissions 64% 60%
Table 13: Carbon emissions in metric tons for 2010 & 2025.
Therefore, if solar is implemented on the scale that the Oak Hill project could be built
at, the college should safely make its emissions reductions goal. Even the upper boundary
of potential energy reductions is a conservative estimate because it only considers changes
that are already in the planning or implementation process. Several of the changes to energy
consumption and to the grid’s generation source breakdown were not anticipated for 2018
in 2010. It is very possible that major changes will continue to happen that push the college
toward unanticipated emissions reductions by 2025 and beyond.
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6 Conclusion
This study takes an indepth look at trade-offs and potential drawbacks to implement-
ing a large-scale solar project in this area including recreational sports and environmental
considerations. It also looks at the carbon accounting of the solar project and the proposed
biomass plant to evaluate if Dartmouth will meet its emissions goals.
Varsity division 1 cross country skiing competitions happen at Oak Hill through the pro-
posed solar PV area. A GIS analysis of the trails and plot of land showed that recreational
sports can co-exist with solar PV if designed to maximize the benefits of each. Three trail
redesigns were considered in the process and compared for their solar offsetting. Trail Re-
design Two best optimizes solar with existing trail.
Fixed and tracking panels were considered in this analysis. Tracking panels produce
more power because they have more incident sun; however, they have increased initial
cost and maintenance costs. Trackers’ increased costs often pay for themselves in their
increased production; however, I found that when area and maintenance are constraints,
fixed solar is more economically viable.
Over the 30 year lifetime of the solar project, it is better to replace forest with solar PV
for carbon dioxide offsetting. Forests hold and sequester carbon dioxide from the atmo-
sphere to partially offset emissions from fossil fuels; however, a solar field the size of the
forest at Oak Hill will offset more emissions than the forest could absorb yearly.
Dartmouth can reach its proposed energy goals if it follows through with the solar PV
and biomass plant that it has proposed. It should comfortably reach its 50% reduction by
2025 goal; however, the proposed plans need to be implemented at the size and scale pre-
viously investigated. Dartmouth has made great strides toward energy efficiency since its
2010 baseline year and will continue to improve through retrofits, upgrades, and changing
markets. Therefore, as renewable energy projects get implemented the bar also lowers on
how much future projects need to produce in order to meet the college’s needs.
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7 Considerations
There is little research on the emissions of a biomass plant for heat. A literature review
found a study for a power plant in New Hampshire; however, more research should be con-
ducted to evaluate different forestry practices and how this relates to carbon emissions and
sequestration. There was also little substantial research on the forest vs. solar carbon diox-
ide trade-off discussed. A thorough site specific case study on a forest to solar transition
should be investigated further to help guide best practices in carbon offsetting.
The decision for transmission between behind the meter with storage or net metering
is still not decided on for this potential solar PV project. Net metering in New Hampshire
currently has a 1 MW cap; however, if legislature passes to increase the cap to 5 MW, net
metering could become the more lucrative option.
Furthermore, all assumptions made with regards to solar in this study were conservative
and should be taken as lower estimates. The trends within solar are toward cheaper, higher
power, and greater efficiency panels. This study assumed 345 W panels at 14% efficiency
and 2 $/W; however, even these assumptions are already outdated with panels running as
low as 1 $/W and efficiency now around 19%. Preliminary analyses by third party groups
showed the solar project to just be slightly better over thirty years than BAU; however, as
solar gets cheaper and more efficient that payback period will continue to shorten.
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9 Appendix
9.1 Appendix A: Electricity Generation & Offsetting
Figure 20: Example of how non-renewable energy sources were shifted to account for
increased renewables according to the NH RPS.
9.2 Appendix B: Carbon Emissions
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(a) upper bound
(b) lower bound
Figure 21: Lower and upper bound for estimating held carbon at Oak Hill that would be
released as carbon dioxide upon deforestation.
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Figure 22: Excel sheet of emissions details for 2010, 2018, and predicted 2025.
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Figure 23: Excel sheet of emissions summaries for 2010, 2018, and predicted 2025.
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Figure 24: Example of upper boundary biomass emission
Figure 25: Example of data from the Dartmouth Energy Database.
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